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Abstract

This study explores the optimization of target-substrate distance (TSD) in coaxial arc plasma deposition technique for deposit-
ing nanodiamond composite (NDC) films on unheated WC—Co substrates, with a focus on enhancing properties relevant to
cutting tool applications. TSD significantly impacted film growth and adhesion, while hardness and Young’s modulus remained
stable within the 10-50 mm TSD range. Increased TSD led to reduced deposition rates and film thickness, but improved quality
by eliminating macroparticles and reducing surface roughness. Notably, the NDC film deposited at 10 mm TSD exhibited
exceptional adhesion resistance, a thickness of 11.45 pum, low compressive internal stress (2.8 GPa), and a surface roughness
(Sa) of 280 nm, coupled with an impressive hardness of 49.12 GPa. This film also achieved a favorable deposition rate
of 1.05 nm/s. In comparison, the film deposited at 15 mm TSD displayed a maximum hardness of 51.3 GPa, lower Sa of
179 nm, but a reduced deposition rate of 0.29 nm/s. The estimated C sp> fraction correlated well with the nanoindentation
measurements, while internal stress showed a consistent relationship with film adhesion. These findings suggest that a TSD
of 10 mm is optimal for balancing hardness, adhesion, deposition rate, and surface roughness, making NDC films a promising

candidate for cutting tool applications.

Keywords Hard coatings - DLC - Coaxial arc plasma - Target-substrate distance - Internal stress - XPS

1 Introduction

The application of protective hard films on WC-Co cutting
tools, including inserts, drill bits, and end mills, is a com-
mon practice to enhance tool lifespan and improve cutting
quality, especially for challenging materials like carbon fiber-
reinforced polymers (CFRP), Si—Al alloys, and SiC [1, 2].
Despite the apparent fracture toughness of WC—Co alloys,
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their hardness degrades during manufacturing due to the pres-
ence of Co as a bonding phase [3—5]. This degradation leads
to wear resistance reduction, making protective coatings with
high hardness crucial. Diamond, with exceptional hardness,
emerges as a promising candidate among various hard coat-
ings [6-9]. Additionally, low surface roughness is vital for
consistent cutting quality and improved sliding properties, a
characteristic efficiently achieved by cost-effective diamond-
like carbon (DLC) films [10].

Diamond films have been grown using chemical vapor
deposition (CVD) techniques, such as hot filament CVD [7,
9, 11] and microwave plasma-assisted CVD [12, 13]. Con-
versely, DLC films can be deposited through various physical
vapor deposition (PVD) and CVD methods [14-18], includ-
ing ion plating, magnetron sputtering, plasma-enhanced
CVD, and the filtered cathodic vacuum arc process (FCVA).
The FCVA can deposit the hardest DLC variant known as
tetrahedral amorphous carbon (ta—C) with hardness com-
parable to diamond [19]. However, the substrate’s elevated
temperature during diamond growth (700-800 °C) negatively
tailors properties of WC—Co substrate and enhances Co’s cat-
alytic effects, which degrades film adhesion. Surprisingly,
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Fig. 1 Typical images of the WC—Co substrate with and without the
NDC film

ta—C films can be deposited at lower substrate temperatures
or even without external heating, but their limited thickness
(Iess than 1000 nm) and high internal stress (up to 9 GPa)
pose challenges.

Coaxial arc plasma deposition (CAPD) presents a promis-
ing new approach for depositing hard coatings on WC-Co
tools [20-24]. This method allows for the creation of nan-
odiamond composite (NDC) films. These films combine the
exceptional hardness of diamond nanocrystals with the ben-
eficial properties of an amorphous carbon matrix [27]. NDC
films boast impressive characteristics, including high hard-
ness (> 50 GPa), substantial thickness (> 7 jum), low internal
stress (< 4.5 GPa), a high sp3 fraction (70%), and a sig-
nificant deposition rate (40 nm/min) [25, 26]. Importantly,
CAPD allows for deposition at lower substrate temperatures
compared to diamond CVD, minimizing negative impacts on
the WC—Co substrate.

The characteristics of NDC films are highly dependent
on the specific CAPD conditions employed. Various param-
eters, such as arc discharge repetition rate, base pressure,
substrate temperature, deposition power, target and gas types,
and substrate material itself, can influence the films’ struc-
tural, mechanical, optical, and tribological properties [28,
29]. Optimizing these parameters is crucial for tailoring NDC
film properties to achieve superior performance in WC—Co
cutting tools.

While several studies have explored the influence of
CAPD deposition parameters on NDC characteristics, lim-
ited attention has been given to the correlation between some
deposition parameters and film qualities. Among the studied
parameters, arc discharge repetition rate and substrate tem-
perature significantly influence the mechanical properties of
NDC coatings deposited on WC—Co substrates [30]. Lower
repetition rates (1 Hz) and the absence of external heating
resulted in NDC films with a hardness of 51 GPa, a Young’s
modulus of 520 GPa, and a thickness of approximately 3 pm.
Conversely, increasing the substrate temperature to 550 °C
at a 5 Hz repetition rate led to a significant decrease in film

@ Springer

hardness to 17.3 GPa. Similarly, increasing the repetition
rate from 1 to 5 Hz without external heating resulted in a
decline in hardness to 31.8 GPa [30]. These findings suggest
an inverse relationship between hardness and both repetition
rate and substrate temperature.

Applying a negative bias voltage to WC—Co substrates
during deposition at 40-80 kHz [31] enhanced the depo-
sition rate and film thickness. However, this process also
strengthened sp2 bonds within the film structure, conse-
quently reducing its overall hardness.

Doping studies incorporating metallic (Cr) [24] and non-
metallic (Si and B) elements [32-34] demonstrated varying
impacts on film hardness. Under optimized conditions, a
notable improvement in both hardness and deposition rate
was observed. Specifically, the inclusion of 1 at% Si or B
dopant led to a remarkable increase in hardness from 51 GPa
to 58-60 GPa. This enhancement highlights the potential for
achieving thicker films (7 wm) with improved deposition effi-
ciency (shorter deposition times).

The type of substrate plays a crucial role in both the appli-
cability and deposition of NDC films. While Si substrates
necessitate external heating for successful deposition [21,
35], Ti substrates require pre-treatment with an ion etching
gun to remove the oxide layer and ensure good film adhesion
[36]. In contrast, WC—Co substrates demonstrate good adhe-
sion without external heating or treatments typically required
for diamond growth, such as Co etching and nanodiamond
seeding [37, 38]. This eliminates the need for additional and
potentially complex pre-deposition steps for WC—Co sub-
strates.

CAPD holds a promise to deposit high-performance NDC
films on WC—Co cutting tools. However, a critical knowledge
gap exists: the specific impact of target-substrate distance
(TSD) on crucial film properties remains largely unexplored.
This gap hinders the optimization of CAPD for achieving
desired NDC film characteristics. Precise control of TSD is
essential in various PVD methods for influencing film prop-
erties across diverse materials. Optimal TSD values lead to
increased layer thickness and a higher sp3/(sp® + sp?) ratio
in coatings like titanium aluminum nitride [39], SZO [40],
and a-C [41]. This translates to improved hardness and supe-
rior electrical resistivity. Similarly, for NDC films deposited
on WC—Co substrates using CAPD, adjusting TSD is crucial
for crafting high-quality films with the desired mechanical
attributes.

By investigating the correlation between TSD and key
NDC film characteristics, including thickness, deposition
rate, surface roughness, internal stress, and the sp3 fraction
(linked to hardness), this research aims to address the criti-
cal knowledge gap. Filling this gap is vital to unlocking the
full potential of CAPD for creating superior NDC coatings
for WC—Co cutting tools. This will lead to extended tool
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Fig. 2 Nanoindentation measurements assessing NDC film properties
at different target-substrate distances (TSDs) in the range of 5-50 mm

lifespan, enhanced cutting performance, and cost-effective
production.

In this study, NDC films were deposited on unheated
WC—Co substrates at various TSDs (5-50 mm), aiming to
identify the optimal TSD for achieving thick films (> 10 pm)
comparable to diamond, achieving high deposition rates for
cost-effectiveness, maintaining low surface roughness simi-
lar to DLC films, ensuring lower internal stress for good film
adhesion, and attaining a high C sp> fraction for enhanced
hardness. This research seeks to provide valuable insights
into the correlation between target-substrate distance and
NDC film characteristics.

2 Experimental Procedures
2.1 Films Synthesis

NDC films were systematically deposited onto WC—Co sub-
strates (K-type cemented carbide, ¢ 10 x 4.5 mm) using
coaxial arc plasma deposition (CAPD) technique. The CAPD
employed a coaxial arc plasma gun (ULVAC, APG-1000)
equipped with a graphite rod (99.99% purity, ¢ 10 x 30 mm),
following the configuration detailed in previous references
[23, 31, 42]. The orientation of the coaxial arc plasma gun
head was directed toward the WC—Co substrates, with vary-
ing distances between the end of graphitic target and the
substrate surface set at 5, 10, 15, 20, 30, and 50 mm. Pre-
ceding the film deposition, the vacuum chamber underwent
evacuation by a turbomolecular pump, reaching a base pres-
sure of less than 10~* Pa. The arc plasma gun, operated with
a 720 wF capacitor, was subjected to a 100 V voltage supply
pulsating at a frequency of 1 Hz. The deposition was carried
out at base pressure with no gas flow or applying external heat
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Fig.3 XPS survey of NDC films at different TSDs: (a) 5, (b) 10, (c) 15,
and (d) 30 mm

on the substrates. Figure 1 illustrates a typical image showing
the WC—Co substrate along with the NDC film deposited on
it.

2.2 Films Characterization
2.2.1 Mechanical Properties

Mechanical properties, encompassing hardness and Young’s
modulus, were assessed utilizing a nanoindentation instru-
ment (Picodentor HM500, Fischer Instrumentation, UK)
featuring a Berkovich diamond indenter. The nanoindenta-
tion test applied a maximum load of 5 mN/10 s, and to ensure
reliability, more than ten points on each sample, meticu-
lously polished to a mirror-like finish, underwent indentation
load—displacement measurements. Adhesion strength of the
fabricated films underwent assessment via a blasting adhe-
sion test (Anton Paar RST?). This involved using silicon
carbide (SiC#800) particles subjected to dynamic blasting
pressures of 0.35 MPa for 10-s exposure time. The evalua-
tion criterion was the time required for film detachment in the
blasting spot area. The critical blasting time was ascertained
by inspecting damaged areas and removed volume using
an optical microscope. Furthermore, adhesion between the
WC-Co substrate and NDC coatings was evaluated through
Rockwell D indentation tests, employing a load of 100 kg.
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Fig.4 C ls X-ray photoelectron
spectra of NDC films deposited
at various TSDs: (a) 5, (b) 10,
(¢) 15, and (d) 30 mm
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To understand the cause behind the film’s adhesion, the inter-
nal stress in NDC film was assessed using curvature method.
Thin NDC film with thickness in the range of 134—175 nm
was deposited on unheated 260 wm Si (100) substrate with
dimensions of 15 mm x 5 mm at various TSD of 5, 10, and
15 mm. The bending deflection curve was measured paral-
lel to the Si [111] direction of the long side (15 mm) using
a surface roughness meter while the sample was fixed from
only one side.

2.2.2 Structural Properties

Structural properties of the films were investigated to elu-
cidate the correlation between mechanical properties and
the C sp3 ratio in the films concerning variations in TSDs,
the film structure was investigated using X-ray photoelec-
tron spectra (XPS) at beam line 12 (BL12) of SAGA Light
Source/Kyushu Synchrotron Light Research Center. Initial
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examination of the films’ elemental composition was con-
ducted through survey measurements across a binding energy
range of 0-1000 eV, employing a monochromatic MgKa
line (hv = 1253.6 eV). Subsequent detailed XPS mea-
surements, utilizing synchrotron radiation with an incident
photon energy of 350 eV, included background subtrac-
tion using the Shirley method before peak decomposition
analyses. Critical parameters, such as film thickness, mea-
sured with a profilometer alongside deposition time, and film
morphologies observed through top-view images obtained
by field-emission scanning electron microscopy (FE-SEM)
from JEOL (JSM-IT700HR), were integral to this investi-
gation. Additionally, the surface roughness of the deposited
NDC films was assessed using a 3D laser confocal micro-
scope (LEXT OLS5000, Olympus, Japan), providing a
comprehensive perspective on the films’ structural proper-
ties including various factors of surface roughness.
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3 Results and Discussion

3.1 Mechanical and Correlated Structural
Characteristics of NDC Coatings

3.1.1 Nanoindentation Measurements

The mechanical properties of the deposited NDC films were
systematically evaluated through nanoindentation tests, vary-
ing the TSDs in the range of 5-50 mm. Figure 2 depicts the
films’ measured hardness and Young’s modulus as functions
of TSDs. Notably, the film deposited ata TSD of 5 mm exhib-
ited the lowest hardness at 31.6 GPa and the highest Young’s
modulus at 707 GPa. Films deposited with TSDs ranging
from 10 to 50 mm displayed a hardness fluctuation between
48.4 and 51.3 GPa, while Young’s modulus changed from
420 to 546 GPa. The film deposited at a TSD of 15 mm
achieved the maximum hardness of 51.3 GPa with a Young’s
modulus of 520 GPa.

To comprehend the relationship between film hardness
and TSD values, elemental composition analysis and deter-
mination of the C sp> fraction within the NDC films were
conducted through decomposition of XPS spectra. Figure 3
illustrates the XPS survey of films deposited at various TSDs.
In addition to the O KLL peak, attributed to the Auger effect,
intense C 1s and O 1s peaks were observed. The O s peaks
were ascribed to oxygen adsorption during or after film depo-
sition [43, 44].

For a quantitative assessment of the sp3/(sp? + sp?) ratio,
denoted as the C sp? fraction, the C 1s spectra (Fig. 4) under-
went deconvolution into four peaks. The sp® fraction was
estimated from the areas of the decomposed sp> and sp?
peaks, representing sp>-bonded carbon (C=C), sp>-bonded
carbon (C—C), carbon—oxygen single bonds (C—O/C-0-C),
and carbon—oxygen double bonds (C=0/COOH) [45]. These
peaks were assigned at the binding energies of 284.5, 285.07,
286.57, and 288.32 eV, respectively. The resulting shoulder
peaks of C—O/C-O-C and C=0O/COOH may have originated
from oxygen adsorption on the film surface during and after
film deposition [44].

The resulting sp> fraction correlated well with the mea-
sured hardness and Young’s modulus values as shown in
Fig. 5. The film deposited at a TSD of 5 mm exhibited the
lowest hardness and a-C sp3 fraction of 46%, while the trend
in hardness for the other films aligned with their respective
sp> fractions. The film deposited at a TSD of 15 mm exhib-
ited a sp> fraction of 64% while the films deposited at TSD
of 10 mm exhibited C sp? fraction of 63%. The influence of
C—C bonds on sharpening sp> peaks is well-known, under-
scoring the role of sp? and sp® bond fractions in determining
the hardness of NDC films. To comprehensively unravel
the correlation between mechanical and structural proper-
ties resulting from TSD variations, the subsequent sections
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Fig.5 Correlation between hardness and sp? fraction of deposited NDC
films

will delve into the discussion of films’ growth mechanisms
and topography.

3.1.2 Adhesion Assessment of NDC Films

Evaluation of adhesion strength is paramount in assessing
the performance of hard coatings, alongside hardness and
Young’s modulus. A blasting adhesion test, utilizing sili-
con carbide particles (SiC#800), was conducted to appraise
the adhesion between NDC films and substrates as shown in
Fig. 6a, b, and c. Remarkably, the film fabricated at a TSD of
10 mm exhibited exceptional adhesion, resisting the effects of
blasting. Conversely, an evident reduction in adhesion resis-
tance was observed with increasing TSD. The heightened
arrival of high-energy atoms at shorter TSDs likely facili-
tated a more robust interaction at the NDC film-substrate
interface. However, the coating deposited at 5 mm and room
temperature did not display improved adhesion, potentially
due to residual stresses induced by the influx of energetic
atoms.

For a more comprehensive understanding of film adhesion
and toughness at varying TSD values, Rockwell D tests were
conducted with a maximum load of 100 kg. Optical images in
Fig. 6d,e, and fillustrate the indentation craters on NDC coat-
ings after Rockwell testing. Films deposited at TSDs larger
than 5 mm exhibit minimal coating cracks and spallation,
indicating enhanced adhesion. In contrast, films deposited at
TSD-5 mm display pronounced spalling and delamination
under the same conditions. Toughness measurements align
with the blasting adhesion test results, highlighting that the
optimal TSD for NDC fabrication is 10 mm.

To understand the physical origin of the change in adhe-
sion properties, internal stress was assessed. Figure 7 depicts
the bending deflection curve of an NDC film deposited on a
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Si (100) substrate, revealing the curvature as a reflection of
internal stress. The measured profile exhibits a convex shape,
indicative of compressive internal stress within the film. The
obtained bending deflection (8) aligns qualitatively with the
adhesion resistance observed in both the blasting and Rock-
well tests. Utilizing Stoney’s formula presented in Eq. (1)
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Fig.8 Quantified internal stress in NDC films deposited at different
TSDs: 5, 10, and 15 mm

for long and narrow samples, the internal stress (o) was esti-
mated at 6.7, 2.8, and 4.5 GPa for films deposited at TSDs of
5, 10, and 15 mm, as depicted in Fig. 8. This analysis under-
scores that the optimal TSD is 10 mm, where the film exhibits
the lowest internal stress. In contrast, the film deposited at
5 mm TSD introduces the highest internal stress of 6.7 GPa,
degrading to 4.5 GPa as TSD exceeds the optimal value and
reaches 15 mm.

Et28
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o

Within this framework, Ej, f;, and v, signify the Young’s
modulus, thickness, and Poisson’s ratio of the Si substrate,
respectively. Correspondingly, 8, I, and 7 denote the bending
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deflection, distance from the center, and film thickness. The
measurement of § is based on the curvature of the film.

3.2 Growth Properties and Surface Topography
of NDC Coatings

The investigation into the growth properties and surface
topography of NDC coatings under various TSDs in the
arc discharge plasma process revealed significant insights.
Growth properties encompass film characteristics vital for
formation and thickness during CAPD deposition, including
deposition rate, film thickness, and the supersaturated state.
Figure 9 illustrates a schematic diagram of the arc plasma gun
and the resulted C species along with a typical photo image
of the CAPD-plasma plume. The distribution of C species
in plasma plume is illustrated at three TSDs, including opti-
mal at 10 mm, reduced at 5 mm, and increased at 50 mm as
shown in Fig. 10. Analysis of arc plasma emission indicated
a notably high proportion of C* ions compared to C atoms
and C, dimers [46, 47], with energetic C* ions playing a piv-
otal role in diamond growth. The variation in TSD resulted
in different supersaturated conditions, influencing diamond
growth and film characteristics. At the reduced TSD, the pres-
ence of macroparticles (Fig. 10-a) negatively impacted the
supersaturated state, leading to increased sp” fraction and
thus degraded mechanical properties with larger deposition
rate leading to film thickness. At the optimal TSD (Fig. 10-
b), a robust supersaturated state facilitates diamond grain
growth, yielding improved mechanical properties. When the
TSD increased, the number of C* ions reaching the substrate
naturally decreased due to energy loss during travel (Fig. 10-
).

The deposition rate of NDC coatings exhibited a signif-
icant dependence on TSD (Fig. 11). Deposition at 5 mm
TSD resulted in a rate of 2.19 nm/s, while at 50 mm TSD,

it dropped to 0.19 nm/s. This decline in deposition rate can
be attributed to the reduced efficiency of the coating pro-
cess with increasing TSD, causing deceleration of carbon
species ejected from the graphite cathode. Furthermore, the
resulted film thickness during a fixed deposition time of
approximately 3 h shows sharp decreasing from 21.88 to
1.8 pm in the range of 5-50 mm as summarized in Fig. 12.
Notably, films deposited at a 10 mm TSD exhibited hardness
of 49.12 GPa and demonstrated a compelling deposition rate
of 1.05 nm/s, three times higher than the film deposited at a
TSD of 15 mm, which exhibited the maximum hardness of
51.3 GPa. This suggests that the film deposited at a TSD of
10 mm presents the most cost-effective option.

The NDC films exhibit superior hardness and Young’s
modulus when compared to conventional hard DLC films,
showcasing performance comparable to ta—C coatings, as
illustrated in Fig. 13. Notably, unlike ta—C films with thick-
ness limitations in the range of a few hundred nanometers,
NDC hard coatings can be successfully fabricated to thick-
nesses exceeding several micrometers (> 11 um), akin
to diamond coatings. This distinctive characteristic distin-
guishes NDC films from traditional DLC films and positions
them as highly appealing for diverse applications.

The novel CAPD method employed allowed NDC film
deposition without the need for external substrate heating
or Co etching from the substrate surface. The film sur-
face displayed a distinctive composition of particles with
boundaries, exhibiting a cauliflower-type topography due to
insufficient incident ion energy to overcome surface diffusion
barriers. Surface morphologies of the NDC films (Fig. 14)
showed homogeneous coated substrates’ surfaces. The clus-
ters becoming smaller and denser as TSD increased.

The topographical features and surface roughness of NDC
films, synthesized under various TSD values, were evalu-
ated using a 3D laser confocal microscope, as illustrated in

Springer
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Fig. 15. An evident reduction in surface roughness param-
eters, including Ra, Rz, Sa, and Sz, was observed with
increasing TSD from 5 to 30 mm, signifying the efficient
elimination of droplets and the high purity of the CAPD
plasma. The Sa values decreased from 580 nm for the 5 mm
TSD film to 280 nm for the 10 mm TSD film, followed by
a further reduction to 179 nm for the film deposited at 15
mm TSD. This suggests that TSD values of 10 and 15 mm
can yield films with comparable hardness around 50 GPa.
However, films deposited at 10 mm TSD exhibit superior
adhesion and thickness compared to those deposited at 15
mm TSD. Surprisingly, for applications emphasizing lower
surface roughness with reasonable film thickness (3 pm), a
TSD of 15 mm is recommended.

4 Conclusion

This study systematically investigated the impact of TSD
variations (ranging from 5 to 50 mm) on NDC films deposited
on unheated WC—Co substrates using the innovative CAPD
method. Optimal film attributes were discerned at 10 mm
TSD, characterized by a remarkable hardness of 49.12 GPa,
a Young’s modulus of 546 GPa, and a threefold higher deposi-
tion rate compared to the 15 mm TSD film. Structural analysis
using XPS revealed variations in the C sp3 fraction, influ-
encing mechanical properties. A correlation between film
hardness and TSD was established through XPS analysis,
with the film at 5 mm TSD exhibiting the lowest C sp> frac-
tion (46%) and corresponding lower hardness (31.6 GPa).
Adhesion assessments highlighted superior adhesion resis-
tance at 10 mm TSD, supported by Rockwell D indentation
tests, and the physical origin was unveiled through internal
stress estimation. Growth properties and surface topography
studies disclosed TSD impacts on film thickness and surface
characteristics. Particularly, films at 10 mm TSD demon-
strated an intriguing deposition rate of 1.05 nm/s, rendering
them a cost-effective choice. Furthermore, these films out-
performed traditional DLC films in hardness and Young’s
modulus, positioning them as a promising alternative for
diverse applications. This comprehensive exploration pro-
vides valuable insights into tailoring NDC film properties by
adjusting TSD values, emphasizing the potential for produc-
ing high-performance, adherent thick films with controlled
characteristics for various technological applications. Future
research endeavors should prioritize investigating tribologi-
cal properties while optimizing deposition parameters such
as target energy and applied biased voltage on the substrate
to enhance film properties for practical applications.

@ Springer
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Fig. 14 Top-view SEM images of
different NDC films deposited at

TSDs of (a) 5, (b) 10, (c) 15, and
(d) 30 mm

Fig. 15 Variations in surface
morphologies of NDC films
examined using 3D laser
confocal microscopy across
different TSDs: (a) 5, (b) 10,
(¢) 15, and (d) 30 mm
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